ABSTRACT. The structural basis of the low reorganization energy of cupredoxins has long been debated. These proteins reconcile a conformationally heterogeneous and exposed metal-chelating site with the highly rigid copper center required for efficient electron transfer. Here we combine single-molecule mechanical unfolding experiments with statistical analysis and computer simulations to show that the metal-binding region of apo-azurin is mechanically flexible and that high mechanical stability is imparted by copper binding. The unfolding pathway of the metal site depends on the pulling residue and suggests that partial unfolding of the metal binding site could be facilitated by the physical interaction with certain regions of the redox protein.
Introduction
Protein-mediated electron transfer (ET) reactions are essential in many biological processes, such as cellular respiration and photosynthesis. 1, 2 At the low electrochemical driving forces found in most biological systems, the extraordinary efficiency of such processes is based on the maximization of the coupling between donor and acceptor and the optimization of the reorganization energy. [2] [3] [4] Many redox proteins host in their structures transition metal ions like copper and iron, whose electrochemical properties can be tuned by the protein environment to meet the requirements of the biological ET. 5 In iron centers, rigid cofactors like the heme group are used to avoid high reorganization energies when cycling between the geometries preferred by the metal in the different redox states. 5 In contrast, copper ions are bound directly to flexible protein residues, and the rigidity relies upon the protein folding. The entatic/rack-induced state model 6, 7 suggests that a metal chelating site is preformed in the protein to impart rigidity regardless of the presence of the ion, in agreement with the virtually identical structure of holoand apo-cupredoxins 8, 9 and the minimized conformational changes during Cu II /Cu I redox cycling. 10 These views were challenged by the discovery of copper metallochaperones, 11 which load the metal ion into cupredoxins following a mechanism that requires an exposed metal-binding site and protein-protein interactions 12 that are incompatible with a hidden, rigid metal site. In addition, structural evidences of conformational heterogeneity of the metal binding site in cupredoxins [13] [14] [15] suggest that the metal binding may contribute to their rigidity and that flexibility in the chelating site may be essential for metallochaperone-mediated copper binding in vivo.
However, no direct evidence on the mechanical stability of the protein 16 and its relation to the coordination site has yet been reported. The mechanical lability 17 of metal-protein bonds has a major relevance for the structure and function of redox metalloproteins but it is difficult to characterize using classical structural techniques and thermal or chemical denaturation methods.
In order to directly measure the mechanical properties of the Cu-binding region of a cupredoxin and to assess the effect of the metal, we have mechanically unfolded individual azurin (Az) molecules using single molecule force spectroscopy (SMFS) with an atomic force microscope (AFM). 16, [18] [19] [20] [21] [22] [23] In particular, we compared the holo and apo forms of Az (with and without the Cu ion, respectively) using force-extension curves, statistical analysis and computational simulations. Protein unfolding experiments mediated by mechanical force (SMFS) constitute kinetic rather than thermodynamic measurements, and therefore mechanical unfolding pathways may differ from chemical unfolding ones. 24, 25 However, SMFS provides useful insights on protein structure-activity relationships and on the physiological interaction between protein partners that complement those results obtained by in vitro denaturation experiments using nonphysiological temperatures or chemical agents like urea.
Results and discussion

Mechanical unfolding of individual holo and apo-Az: single molecule force spectroscopy
Holo-and apo-Az display nearly identical tertiary structure 8, 9 and thus provide an opportunity to directly determine the role of the metal in Az mechanical stability using AFM-SMFS. We chose wildtype monomeric Az for several reasons, despite the difficulty of the recordings and data analysis compared to multidomain proteins often used in SMFS. Monomers are more biologically relevant and enable a direct comparison with bulk experiments performed with cupredoxins. In addition, using wildtype monomeric Az allows avoiding structural alterations introduced by molecular handles, domain-domain interactions and aggregation problems of multidomain proteins. In order to orient the Cu site of Az toward the AFM probe, we chemisorbed the protein on an atomically-flat gold surface via native cysteine residues (Cys3 and Cys26) 26, 27 and we performed force spectroscopy experiments in buffer solution.
To perform SMFS experiments, the tip of a flexible AFM cantilever was approached to the surface and attached non-specifically to the protein. Unfolding force-extension profiles were recorded upon tip retraction, until the tip-protein contact was ruptured at force Fr and length lr, both for holo-and apo-Az (Figure 1 ). Because the interaction between the protein and the AFM tip is non-specific, the tip can make contact and "grab" the protein from different solventexposed residues along the chain, and thus different portions of the protein can be stretched and unfolded. The force-extension traces were normalized by the extension corresponding to 110 pN and 150 pN for holo-Az and for apo-Az data sets, respectively. Different normalized force curves for each data set can be superimposed, confirming that single molecules are being stretched ( Figure S1 ). The contact between the probe and holo-Az is ruptured at lr around 8 nm, while values of lr are distributed more broadly for apo-Az (5-30 nm, Figure 2a ). The distribution of rupture forces Fr is similar in both cases, indicating that the tip-protein interactions are comparable. As the tertiary structure of holo-Az and apo-Az are nearly identical, the differences in lr recorded values may only indicate that the presence of the copper ion changes the mechanical properties of individual Az proteins. Apo-Az is easier to stretch and unfold and the variation in lr reflects that the protein is picked up and extended from different residues. In contrast, the maximum extension of holo-Az stays around 8 nm for forces up to 300-400 pN, regardless of the pulling residue. As a control we used denatured Az (den-Az) and representative force-extension plots are displayed in Figure 3a . The probability of stretching den-Az from diverse residues along the chain is independent of Fr, with lr values ranging from 4 to 40 nm (Figure 3b ), in agreement with the total length of the protein.
The forced extension of the unfolding polypeptide chain can generally be described using the worm like chain (WLC) model for polymer stretching. 28 Force-extension curves were fitted to the WLC model (black lines in Figure 1a ) to obtain the persistence length lp and contour length
Lc. 29 The WLC model represents a simplified situation in which the force opposed to the elongation of the macromolecule is mainly driven by entropy. However, the apparent persistence length resulting from WLC fits to protein unfolding data from AFM experiments generally reflects a phenomenological stiffness, comprising effects due to both chain entropy and Figure 4 ). In part, this is related to the average stretching length being small to be described by WLC. In addition, these deviations are usually associated with the presence of strong intramolecular interactions that are "softened" upon extension. 34 In holo-Az, these intra-protein interactions must be due to the presence of the metal.
Indeed, disruption of these interactions could be the cause of the change in the macromolecular elasticity properties while extension increases, giving rise to broad distribution of lp values and a dependence on the maximum force attained (Fr). As expected from the lr values observed, contour lengths Lc are centered on 9 nm for holo-Az and broadly distributed for apo-Az (8-35 nm). Compared to apo-and holo-Az curves, the elastic behavior of den-Az control curves 
Molecular view of the force-extension differences between apo-and holo-Az: computational simulations
The variability observed in SMFS experiments of Az could not be reduced by increasing the number of experiments, probably due to the concurrence of intrinsically variable conditions like the structural configuration of the protein and the different attachment residues to the AFM tip.
In order to gain insight into these variables, we turned to molecular simulations by using the protein energy landscape exploration (PELE; https://pele.bsc.es) software, and calculating the Az unfolding curves from most surface residues ( Figure 5 ). This is the first time that PELE is used to simulate force-extension experiments on protein unfolding (see description of PELE in Methods).
In Figure 6 we present example profiles obtained for surface residue Lys128 in holo-and apoAz simulations. These show that forces in the holo model are higher than in the apo model for a large fraction of the trajectory. The difference in extension at a constant force is shown in the snapshot (structure of partially unfolded protein) of Figure 6a and is calculated in Figure 7 for the entire range of force. As observed in the holo and apo-Az structure in Figure 6a , while apoAz is almost fully extended, only part of the holo-Az is unfolded, between the coordination center and the pulling residue (Lys128) for this case. Figure 7a shows the holo and apo-Az difference in extension length between fixed (Cys26) and pulled (gamma carbon of Lys128) atoms for every given force. This difference is highest at 3000 pN, as a result of a shorter extension in holo-Az due to the Cu interaction with its coordinating residues. The expanded view of Figure 6b shows that during holo-Az unfolding, the force increases abruptly at an extension of ca. 9 nm, whereas apo-Az unfolds at relatively constant force in this range. This process can be observed in detail in the Supplementary Video S1, and indicates that the strength of the metal-residue interaction stabilizes the difference in extension for a significant force range (or extension time as seen in the Video). Simulations were repeated for all residues shown in Figure 5 and the results are summarized in a force vs. length plot (Figure 8) that reproduces the experimental observations of Figure 2a .
Compared to experimental curves, which sample several attachment residues on the protein surface and must be analysed statistically (Figure 2a ), in simulations specific residues can be selected to unfold the protein, and unfolding events can be individually tracked. Although calculated force values differ from experimental ones, 35 simulations are not limited by the tipprotein force. Remarkably, both methods fully unfold apo-Az up to 40 nm, whereas holo-Az unfolding is restricted to (or the simulated force increases steeply at) lengths below 10 nm. The shorter extension in holo-Az is due to the Cu interaction with its coordination residues. For every simulated attachment site, the divergence between the apo-and holo-Az extension is accompanied by strain and eventual rupture of metal coordination bonds in the holo-case ( Figure   6b , Figure 7 and Video S1), following different unfolding sequences (as exemplified in Figure 7 for pulling residues Lys128, Pro75 and Ala65). Together, these results indicate that the metal binding region is mechanically flexible when the metal is not coordinated, and Cu coordination prevents the full extension of the protein regardless of the attachment site. Interestingly, the dependence of the unfolding sequence on the pulling residue selected in the simulations suggests that partial unfolding of the metal binding site could be facilitated by the physical interaction with certain regions of the redox protein.
Concluding remarks
In summary, the copper binding site needed for efficient ET in azurin is mechanically flexible in apo-Az, and metal binding increases its mechanical stability. The relevance of the mechanical stability of metal coordination part of the protein for the structure and function of redox metalloproteins is difficult to characterize using classical structural techniques. Our findings suggest that the mechanism of copper loading into cupredoxins may implicate a mechanical contribution, in addition to the well-characterized chemical binding affinity of the metal.
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Methods
Sample Preparation
Native Pseudomonas Aeruginosa azurin (holo-Az) and all reagents were purchased from Sigma. Apo-Az was obtained by removing the Cu ion from the protein structure by titrating holo-Az with a solution 0.1 M KCN, as described. 39 Denatured Az (den-Az) was obtained by keeping holo-Az in 4 M guanidine hydrochloride (GuHCl) solution in acetate buffer (pH 4.5).
The apo-Az structure conservation and protein denaturation by GuHCl were followed by monitoring fluorescence from tryptophan Trp48, selectively excited at 290 nm ( Figure S2 ), as the fluorescence maximum of native Az lies at ca. 310 nm and shifts to 350 nm when the protein unfolds. 40 Reported protocols were used to prepare atomically flat gold surfaces 41 and to attach Az on gold 26 through native cysteines Cys3 and Cys26, which results in a defined orientation of the protein on the surface, while preserving its native-like conformation. 42, 43 In order to obtain isolated Az molecules on the gold surface, a solution of Az (holo, apo or den) of ca. 5 µg mL The experimental results were fitted to a model for single-chain elasticity of random coiled macromolecules, the worm like chain (WLC) model. 29 The model describes a macromolecular chain as a homogeneous string with a constant bending elasticity and predicts the relationship between extension and entropic restoring force generated for a polymer chain. WLC has been effectively used to reproduce the force-extension behavior -at short extensions-of certain synthetic macromolecules 45 and many biomacromolecules, such as DNA 28 and proteins. 46, 47 Both lp and Lc were used as fitting parameters. The force (F) vs. extension (x) interpolation formula of Marko and Siggia 48 was used:
PELE computational simulations
PELE is a Monte Carlo method originally developed for exploring the configurational space of protein-ligand recognition. Each Monte Carlo step is composed of three main moves: localized perturbation, side chain sampling and global minimization. The localized perturbation is based on applying anisotropic normal modes (ANM) to the protein in order to describe conformational changes. Additionally, if a ligand is present, it might include its translation and rotation. The second move, side chain sampling, uses rotamer libraries to explore different side chain configurations as a response to the initial local perturbation. Finally, the global minimization optimizes the energy of the newly found configuration. More on PELE can be found in several publications and online: https://pele.bsc.es, where the software is freely available.
We have expanded the code to study single molecule force spectroscopy experiments such as AFM or optical tweezers, in a similar fashion to steered molecular dynamics (SMD). 49 To this aim we have added the possibilities of including atom harmonic constraints to a moving virtual point (VP). Thus, at each MC step the VP is displaced by a fixed amount in a desired direction.
The VP starting position is the same as the restrained atom, giving an initial force of zero. Then, each PELE iteration computes the harmonic force induced by the VP motion, modeling the corresponding force measured by the cantilever. In this study, the lowest 15 ANM modes were chosen, and updated every ten steps. The force constants used in the harmonic VP constraint was set to 10 Kcal/mol·Å 2 . Cys3 and Cys26 were fixed with a large harmonic constraint, modeling its surface attachment.
SMD has been largely used to simulate AFM-SMFS experiments in order to obtain an atomic description of unfolding force-extension profiles. Information for SMD simulation set up details. As seen in Figure S3 , SMD provides the same results as PELE but at the expense of approximately five times higher CPU cost.
System setup. The crystal structure 4AZU 8 was selected from the protein data bank for the computational simulations. The system was prepared with the Protein Preparation Wizard tool, 53 adding missing hydrogen atoms, fixing environment dependent protonation states and checking disulfide bonds. PELE uses the OPLSAA 54 force field with an implicit surface generalized solvent model. The charge of the Cu ion was set to +2. The ionic strength has been set to 0.15 mol dm -3 .
From experimental SMFS it is not possible to determine which residue is attached to the cantilever. For this reason, each simulation was performed with a randomly selected residue (to be pulled) from a surface list. The surface residues included: Gln12, Met13, Leu33, Asn38, Leu39, Lys41, Asn42, Val43, Ala54, Gln57, Val60, Ala65, Asp69, Pro75, Asp76, Asp77, Ser78, Val80, Gly90, Lys92, Ser94, Ser100, Pro115, Gly116, Ala119, Leu120, Lys122, Thr124, Thr126, Lys128 ( Figure 5) . Additionally, the atom to be restrained was chosen randomly between the carbons of the side chain.
Data analysis. Three independent trajectories were performed for each selected residue and state. Then, the average force with respect to the extension was linearly interpolated in order to obtain a continuum force plot. The force peak corresponding to the largest difference in extension between the holo and apo-Az simulations was then selected as an indication of the "rupture force" (Figure 7a ). Thus, for each residue there are three pairs of points in Figure 8 (each pair containing one apo and one holo point). Notice that by using this "rupture force", instead of a fixed rupture force, we obtain possibly an upper bound value for the differences between apo and holo. 
